The ability to induce targeted mutations in somatic cells in developing organisms and then track the fates of those cells is a powerful approach both for studying neural development and for modeling human disease. The CRISPR/Cas9 system allows for such targeted mutagenesis, and we therefore tested it in combination with a piggyBac transposase lineage labeling system to track the development of neocortical neural progenitors with targeted mutations in genes linked to neurodevelopmental disruptions and tumor formation. We show that sgRNAs designed to target PTEN successfully decreased PTEN expression, and led to neuronal hypertrophy and altered neuronal excitability. Targeting NF1, by contrast, caused increased astrocytogenesis at the expense of neurogenesis, and combined targeting of three tumor suppressors (PTEN, NF1 and P53) resulted in formation of glioblastoma tumors. Our results demonstrate that CRISPR/Cas9 combined with piggyBac transposase lineage labeling can produce unique models of neurodevelopmental disruption and tumors caused by somatic mutation in neural progenitors.
INTRODUCTION
A general approach to studying developmental mechanisms is to mutate genes of interest, and then evaluate the resulting phenotypes. Recent breakthroughs in genome engineering technology adapted from clustered regularly interspaced short palindromic repeats (CRISPR) and Cas9 systems in prokaryotes (Cong et al., 2013; Mali et al., 2013) have now been applied with unprecedented speed and precision to a wide variety of approaches. The type II CRISPR/Cas9 system has been used to generate transgenic animals in multiple species (Cho et al., 2013; Gratz et al., 2013; Yang et al., 2013; Hai et al., 2014) , to induce or correct genetic mutations in vivo (Ding et al., 2014) , to screen for genes involved in specific biological processes (Shalem et al., 2014; Wang et al., 2014) , to activate or repress gene expression Gilbert et al., 2013; Qi et al., 2013) , to isolate (Fujita and Fujii, 2013; Chen et al., 2013) specific regions of interest within the genome, and to knock out genes involved in synaptic transmission (Incontro et al., 2014; Straub et al., 2014) .
In utero electroporation (IUE) is an efficient method to deliver multiple transgenes into rodent neural progenitors in the developing forebrain. It has been used in studies of neocortical development (LoTurco et al., 2009) , and when combined with a binary piggyBac transposon plasmid system, IUE can be used as a lineage and fatemapping tool for neural progenitors (Chen and LoTurco, 2012; Chen et al., 2014b; Siddiqi et al., 2014) . The system has also been used to generate animal models of CNS tumors (Chen et al., 2014a; Glasgow et al., 2014) . In this report, we combine the CRISPR/Cas9 system with IUE and piggyBac transposase lineage labeling to induce somatic mutations in cells in neural progenitor lineages and to investigate the effects on cells in the lineage. We tested two short guide sequences (sgRNAs) targeting rat PTEN, and these successfully abolished PTEN expression in neurons. Moreover, PTEN null neurons demonstrated phenotypes that were similar to PTEN knockout or RNAi knockdown neurons previously reported (Kwon et al., 2001; Fraser et al., 2004; Luikart et al., 2011) including hypertrophy and altered neuronal excitability. We also found that sgRNA designed against NF1 leads to loss of NF1 expression and to a neural progenitor fate switch that increased gliogenesis. Finally we show that targeting three tumor suppressors [PTEN, NF1 and P53 (TRP53 -Mouse Genome Informatics)] by multiplex CRISPR/Cas9, leads to the formation of glioblastoma multiforme (GBM) tumors. Our results demonstrate that the CRISPR/Cas9 system can be used to efficiently target genes in developing brain in vivo and to generate novel models of glioblastoma and neurodevelopmental disruption.
RESULTS

Knocking out PTEN expression using CRISPR-induced somatic mutation
To investigate the application of CRISPR to the central nervous system, we designed two short guide RNAs (sgRNAs) to target either of two exons of the rat phosphatase and tensin homolog (PTEN; exon 6 or exon 8) (Fig. 1A) . We cloned these two sgRNAs into pX330 vector containing the wild-type human codon optimized SpCas9 (Cong et al., 2013) . In vitro SURVEYOR assay in rat neuroblastoma B104 cells showed that both sgRNAs were able to introduce mutations at targeted PTEN genomic loci in rat neuroblastoma cells (Fig. S1A ). To test whether the sgRNAs targeting PTEN were able to introduce mutation in vivo, we used IUE to deliver pX330-PTEN E6 and pX330-PTEN E8 into embryonic day (E) 14 neocortical neural progenitors in rats (Fig. 1B) . Empty pX330 vector containing wild-type Cas9 but no sgRNA was used to control for Cas9 activity, and pCAG-mRFP was used as IUE control. All plasmids were used at the concentration of 1.5 µg/μl. pCAG-eGFP (1 µg/µl) was co-electroporated with CRISPR constructs, empty pX330 and pCAG-mRFP to visualize transfected cells. To further test whether sgRNA directed Cas9 targeting of PTEN can induce somatic mutation in vivo, we performed an in vivo SURVEYOR assay on genomic DNAs isolated from acute dissected transfected tissue from a postnatal day (P) 19 pX330-PTEN E6-transfected brain. As shown in Fig. S1B , sgRNA targeting PTEN exon 6 successfully induced mutations at the PTEN locus in vivo.
In immunofluorescence histochemistry for PTEN we found that 86±3.8% (n=3 animals) of pX330-PTEN E6 and 82±5.2% (n=3 animals) pX330-PTEN E8-transfected neurons (GFP positive) were negative for PTEN (Fig. 1C) . By contrast, in control transfected brains (n=3) 1.6±0.8% of neurons (5/314) were found to be PTEN negative by pX330-transfected animals (one-way ANOVA: F=88.05, P=1.61×10 −6 ; followed by post hoc Tukey HSD test: pX330-PTEN E6 versus pX330, P=0.001; pX330-PTEN E8 versus pX330, P=0.001). These results indicate that both sgRNAs targeting PTEN were able to introduce mutations in vivo at PTEN genomic loci that resulted in loss of PTEN protein expression with high efficacy.
PTEN mutated neurons were hypertrophic and showed altered neurophysiology
We assessed the phenotypes of neurons generated from E14 neural progenitors transfected with pX330-PTEN E6, pX330-PTEN E8, or the two controls (n=3 for each group). In all four conditions, the transfected cells migrated normally to their correct laminar positions, suggesting that they had acquired an appropriate neuronal identity. In both PTEN CRISPR conditions ∼10% of transfected neurons were ectopically located in white matter or deep cortical lamina (Fig. 1D,E) , a significantly greater proportion than were in those ectopic positions in control transfections (one-way ANOVA: F=32.91, P=7.53×10 −5 ; followed by post hoc Tukey HSD test: pX330-PTEN E6 versus pX330, P=0.001; pX330-PTEN E6 versus CAG-mRFP, P=0.001; pX330-PTEN E6 versus pX330, P=0.025; pX330-PTEN E6 versus CAG-mRFP, P=0.025). This result is consistent with previous studies showing that neuronal migration defects occur in a subset of PTEN null neurons (Backman et al., 2001; Kwon et al., 2001; Zhu et al., 2012) .
We also quantified the area of neuronal somas in PTEN CRISPRtargeted neurons in layer II/III, and consistent with previous reports of hypertrophy in cases of PTEN deletion or knockdown (Kwon et al., 2001; Fraser et al., 2004; Luikart et al., 2011) , found that neurons transfected with PTEN-targeting sgRNAs showed substantially increased somal areas ( Fig. 2A) . At P19, pX330-transfected neurons (212.7±5.7 µm 2 , n=85) and CAG-mRFPtransfected neurons (201.2±5 µm 2 , n=74) had areas that did not significantly differ (one way ANONVA: F=3.14, P=0.08) (Fig. 2B ). Neurons transfected with pX330-PTEN E6, by contrast, had significantly increased soma size (453.8±5.2 µm 2 , n=72) compared with neurons transfected with pX330 or CAG-mRFP (one-way ANOVA: F=559.28, P=1.11×10 ; followed by post hoc Tukey HSD test: pX330-PTEN E6 versus pX330, P=0.001; pX330-PTEN E6 versus CAG-mRFP, P=0.001) (Fig. 2B) . Similarly, pX330-PTEN E8-transfected neurons had an average somal size of 428.5±12 µm 2 (n=88); a value significantly greater than those of neurons transfected with pX330 or CAG-mRFP (one-way ANOVA: F=241.83, P=1.11×10 ; followed by post hoc Tukey HSD test: pX330-PTEN E8 versus pX330, P=0.001; pX330-PTEN E8 versus CAG-mRFP, P=0.001), and the soma sizes of pX330-PTEN E6 and pX330-PTEN E8 transfected neurons did not significantly differ (one-way ANOVA: F=2.77, P=0.98) (Fig. 2B) . To quantify and compare another measure of neuronal hypertrophy, we measured the width of the primary dendrites at 50 µm from the center of the soma. Neurons transfected with the two control plasmids, CAG-mRFP and pX330, had similar primary dendritic widths of 2.9±0.2 µm (n=14), and 2.8±0.2 µm (n=25), respectively (one-way ANOVA: F=0.13, P=0.72) (Fig. 2C) . In contrast, the primary dendritic widths in pX330-PTEN E6-transfected neurons were 4.7±0.2 µm (n=24), which was significantly larger than CAGmRFP or pX330-transfected neurons (one-way ANOVA: F=30.54, P=7.13×10 −10 ; followed by post hoc Tukey HSD test: pX330-PTEN E6 versus pX330, P=0.001; pX330-PTEN E6 versus CAGmRFP, P=0.001). Similarly, pX330-PTEN E8-transfected neurons had significantly thicker primary dendrites (5.4±0.2 µm, n=18) than CAG-mRFP or pX330-transfected neurons (Fig. 2C) Fig. 2A,D,F) . We also measured the frequencies of spontaneous synaptic events (sEPSC) in each condition. Neurons transfected with pX330-PTEN E8 have markedly higher sEPSC frequencies compared with ones transfected with pX330 or CAG-mRFP (pX330-PTEN E8, 8.27± 1.01 Hz, n=7; pX330, 3.75±0.60 Hz, n=12; CAG-mRFP, 5.03± 0.90 Hz, n=6. One-way ANOVA: F2,22=8.74, P=0.002; followed by Tukey's multiple comparisons test: pX330-PTEN E8 versus pX330, P=0.001; pX330-PTEN E8 versus CAG-mRFP, P=0.04; pX330 versus CAG-mRFP, P=0.52; Fig. 2H,I ). Similarly, in the presence of tetrodotoxin, no difference in miniature EPSC (mEPSC) frequencies were observed between CAG-mRFP and pX330-transfected neurons, whereas mEPSC frequencies of pX330-PTEN E8-transfected neurons remained significantly higher (pX330-PTEN E8, 4.79±0.50 Hz, n=7; pX330, 2.95±0.53 Hz, n=12; CAG-mRFP, 1.33±0.19 Hz, n=6. One-way ANOVA: F2,22=8.85, P=0.001; followed by Tukey's multiple comparisons test: pX330-PTEN E8 versus pX330, P=0.04; pX330-PTEN E8 versus CAG-mRFP, P=0.001; pX330 versus CAG-mRFP, P=0.10; Fig. 2G ). Taken together, the phenotypes from the PTEN CRISPR-transfected neurons were remarkably consistent with the loss-of-function PTEN phenotypes previously described in mouse knockouts, and RNAi-treated neurons (Kwon et al., 2001; Fraser et al., 2004; Luikart et al., 2011) .
NF1 and P53 CRISPR
To explore further the application of CRISPR/Cas9 and to study the effects of somatic mutations on the lineage of neural progenitors, we designed and tested sgRNAs targeting rat neurofibromin 1 (NF1) exon 1 (pX330-NF1 E1) and P53 exon 6 (pX330-P53 E6). Both sgRNAs were able to introduce mutations at the targeted genomic locus in rat neuroblastoma B104 cells as determined by SURVEYOR assays (Fig. S1C) . To test the efficacy of sgRNAs targeting NF1 and P53 on protein expression in vivo, we initially tested for changes in expression of both proteins in neurons labeled without the piggyBac transposon lineage label, thereby only labeling the immediately generated cohort of neurons and not subsequently generated cells in the progenitor lineage (e.g. astrocytes and oligodendrocytes). Immunohistochemistry showed that sgRNAs targeting NF1 and P53 reduced the percentage of cells expressing NF1 and P53 expression in post mitotic neurons at P19 (Fig. S1D-G) . For NF1 CRISPR-transfected brains 22±0.2% (132/564, n=3 brains) were NF1 negative, whereas in three brains transfected with pX330, 1.78±0.06% (10/514) of transfected neurons were negative for NF1 (Fig. S1D ,E) (one-way ANOVA: F=71.40, P=1.22×10
−6
). Similarly, 23.5±1.8% of pX330-P53 E6-transfected neurons (43/182, n=3, at least 3 sections from each brain) were negative for P53 (Fig. S1G ) and 0.5±0.3% (4/420, n=3, at least 3 sections from each brain) transfected neurons were negative for P53 in pX330-transfected brains ( ).
Tracking CRISPR-targeted neocortical progenitor lineages using piggyBac lineage mapping Standard IUE with episomal plasmids fails to label the entire lineage of neocortical progenitors because episomal plasmids are lost with cell division (Chen and LoTurco, 2012; Chen et al., 2014b; Siddiqi et al., 2014) . In order to label the lineage of CRISPR-targeted progenitors in vivo we used a binary piggyBac transposase plasmid system that, when transfected by IUE, produces stable integration of donor transgenes into the entire progenitor lineage. For these experiments a piggyBac donor plasmid (PBCAG-eGFP or PBCAG-mRFP) was co-transfected with a helper plasmid encoding piggyBac transposase (GLAST-PBase) and CRISPR/Cas9 constructs containing sgRNAs targeting NF1, PTEN and P53, alone and in combination. (Fig. 3B,I ,J). As shown in Fig. 3B , patches of labeled glia cells containing cells positive for either S100β (Fig. 3E,F) or olig2 (Fig. 3G,H) were evident in the NF1 CRISPR transfection condition in neocortex (Fig. 3E,G) , hippocampus (Fig. 3F) and striatum (Fig. 3H) . The density of transfected cells in neocortex was 3.5±0.3, 3.6±0.1, 3.7±0.2, 3.4±0.2 and 7.5±1.8 cells/10 4 µm 2 in sections containing neurons transfected with pX330, pX330-PTEN E6, pX330-PTEN E8, pX330-P53 E6 and pX330-NF1 E1, respectively ( Fig. 3I ) (n=3 brains, 3 sections quantified in each brain). Thus, there was an approximately twofold higher density of transfected cells in the pX330-NF1 E1 conditions that was significantly higher than in the other four conditions) (one-way ANOVA: F=138.53, P=1.19×10 −11 ; followed by post hoc Tukey HSD test: pX330 versus pX330-NF1 E1, P=0.001; pX330-PTEN E8 versus pX330-NF1 E1, P=0.001; pX330-PTEN E6 versus pX330-NF1 E1, P=0.001; pX330-P53 E6 versus pX330-NF1 E1, P=0.001). The increased number of transfected cells in the NF1-CRISPR condition did not appear to be as a result of an increase in ongoing proliferation as assays of Ki67 labeling showed that there was no significant difference in the percentage of transfected cells that were positive for Ki67 (Fig. S3A-D,F-G The increased number of cells in the NF1 CRISPR-treated lineages appeared to be due primarily to an increase in glial cells. We therefore determined the percentage of glia relative to neurons in the lineages generated in the five transfection conditions. Transfected neurons and glia show distinct morphologies (Fig. S4 ) and could be quantified separately. Their identity as neurons or glia (both astrocytes and oligodendrocytes) was confirmed by S100β and Olig2 immunopositivity for the glial cell populations or uniform negativity for those markers as well as the presence of axons and dendrites on labeled neurons. Quantification showed that the percentage of transfected cells identified as glia in transfected brains were 96.7±0.1% for pX330-NF1 E1 (n=3 brains, 3 sections from each brain; total: 8835 glia, 309 neurons), 69.3± 1.1% for pX330 (total: 2321 glia, 1028 neurons), 75.8±2.7% for pX330-PTEN E8 (total: 2142 glia, 673 neurons), 75.3±3.0% for pX330-PTEN E6 (total: 2327 glia, 756 neurons) and 66.6±0.4% for pX330-P53 E6 (total: 2321 glia, 1028 neurons) (n=3 brains, 3 sections from each brain). Statistical analysis revealed that there were significantly more labeled glia in pX330-NF1 E1-transfected brains than in brains transfected with any of the other CRISPR constructs (one-way ANOVA: F=79.57, P=6.48×10 −10 ; followed by post hoc Tukey HSD test: pX330 versus pX330-NF1 E1, P=0.001; pX330-PTEN E8 versus pX330-NF1 E1, P=0.001; pX330-PTEN E6 versus pX330-NF1 E1, P=0.001; pX330-P53 E6 versus pX330-NF1 E1, P=0.001). No significant difference was observed between pX330-transfected brains and brains transfected with P53 targeting CRISPR constructs (one-way ANOVA: F=15.68, P=0.07). However, compared with pX330-and pX330-P53 E6-transfected brains, there was increased labeling of glia in pX330-PTEN E6-and pX330-PTEN E8-transfected brains (oneway ANOVA: F=11.60, P=0.0003; followed by post hoc Tukey HSD test: pX330-PTEN E6 versus pX330, P=0.042; pX330-PTEN E6 versus pX330-P53 E6, P=0.0017; pX330-PTEN E8 versus pX330, P=0.0025; pX330-PTEN E8 versus pX330-P53 E6, P=0.048; pX330 versus pX330-P53 E6, P=0.30). The increased percentage of glial cells in the lineages targeted by pX330-NF1 E1corresponded to increases in the ratio of glia to neurons: glia:neuron=29.8±1.7 for pX330-NF1 E1, 2.3±0.1 for pX330, 2.9±0.2, for pX330-PTEN E6, 2.9±0.2 for pX330-PTEN E8 and 1.9±0.1 for pX330-P53 E6 (Fig. 3J ) (one-way ANOVA: F=403.56, P=4.55×10 −15 ; followed by post hoc Tukey HSD test: pX330 versus pX330-NF1 E1, P=0.001; pX330-PTEN E6 versus pX330-NF1 E1, P=0.001; pX330-PTEN E8 versus pX330-NF1 E1, P=0.001; pX330-P53 E6 versus pX330-NF1 E1, P=0.001). The shift in glia:neuron ratio is consistent with previous experiments using conditional knockout alleles showing a role for NF1 in glial and neuronal fates from progenitors in the subventricular zone (SVZ) of postnatal forebrain (Wang et al., 2012) .
Multiplex CRISPR/Cas9 of PTEN, NF1 and P53 in neocortical progenitors leads to formation of glioblastoma multiforme tumors Somatic mutation of tumor suppressor genes has been implicated in several cancers (Watson et al., 2013) , including tumors of the developing central nervous system. However, it is not entirely certain which combinations of mutations in different progenitor types are required for tumor formation (Jacques et al., 2010; Visvader, 2011) . We therefore tested whether CRISPRs targeting tumor suppressors alone or in combination in neocortical progenitors would lead to formation of tumors. CRISPR/Cas9 targeting P53 (Figs S2A and S3C), NF1 ( Fig. 3; Fig. S3B ) or PTEN ( Fig. 1; Figs S2B,C and S3D ) alone appeared insufficient to induce tumor formation by 19 days after birth (n=5 animals in each condition). In addition, we found no significant increase in the Ki67 mitotic index for transfected cells in the conditions targeting NF1, PTEN or P53 alone relative to controls (Fig. S3F) In contrast, when we transfected a combination of three tumor suppressor CRISPR constructs, large tumors were found in every brain examined (n=11). The induced tumors were aggressive and fatal in all animals transfected with combinations and allowed to survive past P60 (n=8) with all animals dying by P75. Upon postmortem analysis all such animals were found to have large cerebral tumors. A clinical histopathological analysis of paraffin-sectioned tumor tissue revealed that tumors displayed histopathological features characteristic of human GBM that included cells diffusely infiltrating into neighboring tissue (Fig. S5A,B ) and glomeruloid vascular proliferation (Fig. S5B) . Some regions of tumors showed large multinucleated cells, suggesting the possible differential diagnosis of giant cell glioblastoma (Fig. S5C , black arrow), but these multinucleated cells were infrequent. Tumor cells expressed a combination of markers typical of glioblastoma tumor cells including strong positivity for vimentin (Fig. S5D) , GFAP (Fig. S5E) and MAP2 (Fig. S5F) . By contrast, in normal brain tissue, antibodies against GFAP (Fig. S5G) and vimentin (Fig. S5H ) marked astrocytes, whereas MAP2 antibodies specifically labeled neurons (Fig. S5I) . Taken together, the histopathological features of CRISPR-induced tumors are most similar to human GBM (WHO grade IV). This highly malignant and aggressive type of tumor is consistent with the 100% lethality we observed.
We also applied a multicolor clonal labeling approach based on the piggyBac transposon plasmid system (Chen et al., 2014a; Siddiqi et al., 2014) to visualize tumor clonal boundaries. This system works by the stochastic integration and varied expression of three different fluorescent protein reporters delivered by a mixture of fluorescent protein encoding donor plasmids (Chen et al., 2014a; Siddiqi et al., 2014) . Clonally related cells inherit the same set of integrated fluorescent reporters, and thus will be labeled with the fluorescent proteins (Chen et al., 2014a) . By P19 large masses of uniformly colored cells were frequently observed (n=8 brains) (Fig. 4A,B ) in brains transfected with the mixture of CRISPR constructs and the multicolor labeling plasmids at E14. We found a significant increase in the Ki67-positive index in these unicolor masses, indicating increased proliferation in the tumors (Fig. S3E-G (Fig. 4C) , or in mixed color clusters (Fig. 4D ) indicating further that invasive tumors could be derived from single or multiple clones. Large singly colored masses of cells were never observed in brains transfected with the multicolor piggyBac system and CRISPR targeting tyrosinase ( pX330-Tyr1) (Fig. S6A,B) (n=3) or pX330-NF1 E1 (Fig. S6C,D) (n=3) suggesting that the large clonal clusters are dependent on the formation of tumors.
Mutagenesis and off-targets in CRISPR-induced tumors
In order to identify the CRISPR/Cas9-induced mutations in the targeted regions of the tumor suppressor genes, we sorted GFPlabeled cells by FACS, amplified and subcloned genomic regions of PTEN, NF1 and P53 that were targeted by sgRNAs, and then sequenced the resulting clones by Sanger sequencing. We sequenced a total of 25 bacterial clones containing plasmids with inserts amplified from exon 8 of PTEN (Fig. 5A ), 28 amplified from exon 6 of P53 (Fig. 5B) , and 18 amplified from exon 1 of NF1 (Fig. 5C ), and found a total of 37 with mutations in the targeted regions. The mutations included insertions, deletions and substitutions in the vicinity of the predicted Cas9 cleavage site ( Fig. 5A-C) . Of the 37 mutations identified, 23 were out-of-frame mutations creating premature stop codons (Fig. 5D) , and 14 were inframe missense mutations. Interestingly, no mutation occurred twice in this data set, suggesting an even larger diversity of existing mutations in the tissue. For this analysis we isolated cells from the entire population of transfected cells at P30 from four brains, a time prior to the formation of clearly developed and easily separable tumor masses. Given the diversity of mutations identified and the relatively early time in oncogenesis that we isolated cells for this assay, it could be interesting in future studies to determine whether there is a selection for different mutations over time and tumor maturation.
To evaluate mutation efficiency and potential off-targets in tumors induced by TRIPLEX CRISPR, we performed SURVEYOR assays using genomic DNA isolated and amplified from acutely dissected tumor tissue. As shown in Fig. S7A , PTEN exon 8, P53 exon 6 and NF1 exon 1 showed an indel percentage of 47%, 81% and 24%, respectively. To investigate the specificity of the CRISPR/ Cas9 system, we evaluated seven to eight potential off-targets for each target by SURVEYOR. The potential off-targets were predicted using a CRISPR design algorithm (http://crispr.mit.edu/) and based on sequence similarity to designed sgRNAs, of between one and four mismatches (Table S1 ). Unlike the targeted genomic regions that matched sgRNAs precisely, SURVEYOR detected no mutations at the evaluated potential offtarget sites with one to four mismatches (Fig. S7B-F) . Although we did not perform a genome-wide assessment of potential off-targets, our evaluation of 22 potential off-targets and failure to detect mutation at these sites is consistent with previous reports of low offtarget rates of CRISPR/Cas9 in rats (Ma et al., 2014) and zebrafish (Hruscha et al., 2013) .
DISCUSSION
The CRISPR/Cas9 system can introduce mutations in vivo at targeted genomic loci and abolishes gene expression with remarkably high efficiency (Incontro et al., 2014; Straub et al., 2014) . Our results showed that sgRNAs targeting two different exons of PTEN (exon 6 and 8) reduced PTEN expression at similar levels; 86±3.8% and 82±5.2%, respectively, of labeled neurons transfected at E14-15 and assessed at P19 were immunonegative for PTEN (Fig. 1C,D) . This level of lost expression is consistent with recent reports that more than 90% of CRISPR/Cas9-induced mutations were out-of-frame insertion or deletions (Incontro et al., 2014) in postmitotic neurons. The high out-of-frame mutation rate might be as a result of the fact that the persistent Cas9/sgRNA complex in postmitotic neurons could continue to generate doublestrand breaks until non-homologous end joining repair abolishes the sgRNA binding site (Incontro et al., 2014) . In contrast to postmitotic neurons, we found that the out-of-frame mutation rate in highly dividing tumor cells was 62% (Fig. 5) , and similarly, we found that the efficiency of sgRNAs targeting NF1 and P53 in neurons was lower compared with PTEN mutation rates. The differences might be as a result of both the loss of Cas9/sgRNA-expressing plasmids in mitotic tumor cells, and to differences in the efficiency of targeting different genomic loci. For inducing higher rates of loss of function, it might be desirable to increase the out-of-frame mutation rate. A recent study has suggested that selecting target sequences near microhomology domains can increase the rate of indels that cause out-of-frame mutations . When we examined the three target regions we have sequenced in this study (PTEN E8, NF1 E1 and P53 E6) we found that sgRNA for PTEN E8, whose targeted region contained these microhomology domains, had an out-of-frame indel frequency of 71%, whereas sgRNAs whose targeted regions did not contain microhomology domains had outof-frame indel frequencies of 61% (P53 E6) and 60% (NF1 E1), respectively.
Genome-wide binding assays of Cas9 in mammalian cells have shown that dCas9 (mutant Cas9) is able to bind to genomic DNA even without the presence of sgRNA (Wu et al., 2014) . It is possible that Cas9 interaction with genomic DNA could cause experimental artifacts without a sgRNA. Although we have not performed a genome-wide study, we measured several properties of neuronal development in cells that were induced to overexpress Cas9 without sgRNA, i.e., pX330 blank vector transfection. We found that several sensitive electrophysiological and developmental outcomes were unaffected by expression of wild-type Cas9 by pX330. These unaffected outcomes, relative to fluorescent protein expression alone, included resting membrane potential and input resistance, frequency of synaptic events (Fig. 2) , neuronal migration (Fig. 1D,E) and ratio of neurons to glia (Fig. 3J) . These results suggest that expression of wildtype Cas9 without sgRNA fails to cause functional developmental changes in developing neurons. The system of plasmids described here extends the application of the CRISPR/Cas9 system to assessments of modified lineages of mutated neural progenitors. We showed that loss of NF1 function caused an apparent neural progenitor fate switch and resulted in increased gliogenesis. We further demonstrated that multiplex CRISPR/Cas9, via transfection with sgRNAs targeting multiple tumor suppressors, results in GBM formation. Our results are entirely consistent with, and extend, the recent work by Gronych and colleagues (Zuckermann et al., 2015) who showed that simultaneously targeting PTEN, P53 and NF1 with CRISPR/Cas9 delivered via IUE induced GBM formation in mice. In our study, we combined the tumor-inducing CRISPR/Cas9 constructs with the multicolor piggyBac transposon system to label both the lineage of transformed cells and to distinguish clonal boundaries (Fig. 5) . This approach should be useful for molecular profiling experiments and to determine whether tumor clones with different mutations contribute to tumor heterogeneity. Our study was also performed in rat and with different sgRNA sequences than those used by Zukermann et al. (2015) , demonstrating both the utility of CRISPR for modeling human disease in multiple species and also the potent effect of triple mutations in PTEN, P53 and NF1. We also showed, similar to Zukermann et al. (2015) , that although P53, NF1 and PTEN targeting alone do not result in tumors, distinct neuropathologies do result after NF1 or PTEN alone are targeted.
These results are consistent with the 'multiple hit' theory of tumorigenesis; accumulation of multiple mutations is required for tumorigenic transformation (Knudson, 1971) . In many cases, tumor suppressor genes act in a cooperative manner to prevent development of tumors (Zhu et al., 2005; Kwon et al., 2008; Gregorian et al., 2009 ). As we showed here, loss of a single tumor suppressor was insufficient for tumor formation. The ease with which CRISPR/Cas9 can be multiplexed should be particularly valuable in studies of the formation of glial tumors in the developing brain.
Off-target effects of CRISPR/Cas9 remains a concern. We used two sgRNAs targeting different exons of PTEN and showed that neurons transfected with the two different sgRNAs exhibited the same phenotype, suggesting that the resultant phenotype is not a result of an off-target effect. We also showed that PTEN null neurons exhibited phenotypes similar to those generated in PTEN knockout or RNAi knockdown neurons (Kwon et al., 2001; Fraser et al., 2004; Luikart et al., 2011) . Though we tested only one sgRNA-targeting NF1, we showed that the specific phenotype caused by NF1 sgRNA was similar to that observed in NF1 knockout studies (Wang et al., 2012) . We further evaluated via SURVERYOR assay the top potential off-target sites of sgRNAs used to induce GBM, and found no mutations in those 22 evaluated sites. Limitations of using the SURVEYOR assay to evaluate potential off-targets should, however, be considered. Because of the relatively low sensitivity of the SURVERYOR assay compared with NGS approaches, not all off-target mutations, including those that might occur infrequently, would be detected (Wang et al., 2015) . Recent studies using whole genome sequencing approaches to detect CRISPR off-targets revealed off-target sites not predicted by sequence similarity to target or by ChIP (Ran et al., 2015; Tsai et al., 2015) . These off-targets sites include those containing mismatches to the guide as well as insertion and deletion mismatches in the guide target heteroduplex Bae et al., 2014; Lin et al., 2014) . Using integrase-defective lentiviral vectors, Wang and colleagues detected Cas9 off-target sites with 1 to 13 base pair mismatches between single sgRNA and its genomic targets (Wang et al., 2015) . These results underline the need to better understand the mechanism of Cas9 activity, and for the importance of adequate controls. Whole genome sequencing also confirmed that using either truncated sgRNA (Tsai et al., 2015) , nickase paired design (Frock et al., 2015) and modified sgRNA design might greatly reduce off-targets (Cho et al., 2014; Kim et al., 2015) .
Despite the concern of off-target effect, for most experimental purposes CRISPR/Cas9 is sufficiently specific, and is likely much less prone to off-targets than RNAi or shRNA treatments that can interfere with endogenous miRNA and siRNA systems. Kim and colleagues used Digenome-seq to profile CRISPR/Cas9 off-target effects genome wide in human cells and found that Cas9 nuclease was highly specific, inducing off-target mutations at merely several rather than thousands of sites in the genome (Kim et al., 2015) . Hruscha et al. (2013) reported that the mutation rates at potential off-target sites were between 1.11% and 2.5% in zebrafish (Hruscha et al., 2013) , and Ma et al. (2014) found only one off-target mutation in 39 transgenic rats created using CRISPR/Cas9 (Ma et al., 2014) . Most recently, Gronych and colleagues showed, by whole genome sequencing of medulloblastoma induced by CRISPR targeting of Ptch1, that there were no detectable off-target effects (Zuckermann et al., 2015) . Such high specificity makes CRISPR/Cas9 a valuable tool for inducing somatic mutations in developing cells. When combined with lineage labeling, the high efficiency of gene silencing, specificity and multiplex possibilities make this approach a particularly valuable tool for studying mechanisms of normal and abnormal development of the neocortical neural progenitors.
MATERIALS AND METHODS
Plasmids and sgRNA sequences
Guide RNA sequences were designed using an online program (http://crispr. mit.edu) as described by Hsu et al. (2013) . Guide sequences were cloned into pX330 vector (Addgene, plasmid 42230) (Cong et al., 2013) following normal cloning procedure. The guide sequences are as follows; PTEN exon 6 forward: 5′-GATATACATAGCGCCTCTGAC-3′; PTEN exon 6 reverse: 5′-GTCAGAGGCGCTATGTATATC-3′; PTEN exon 8 forward: 5′-ATT-TGGAGAGAAGTATCGGT-3′; PTEN exon 8 reverse: 5′-ACCGATACT-TCTCTCCAAAT-3′; NF1 exon 1 forward: 5′-GGTCAGCCGCTTCGAC-GAGC-3′; NF1 exon 1 reverse: 5′-GCTCGTCGAAGCGGCTGACC-3′; P53 exon 6 forward: 5′-CTTCCACCCGGATAAGATGT-3′; P53 exon 6 reverse: 5′-ACATCTTATCCGGGTGGAAGC-3′; Tyr1 forward: 5′-GTG-CGGCCAGCTTTCAGGCAG-3′; Tyr1 reverse: 5′-CTGCCTGAAAGCT-GGCCGCAC-3′.
Animals
Pregnant Wistar rats were obtained from Charles River Laboratories (Wilmington, MA, USA) and maintained at the University of Connecticut vivarium on a 12 h light cycle and fed ad libitum. Animal gestational ages were determined via palpation prior to and confirmed during surgery. Both male and female subjects were used for tumor induction. All procedures and experimental approaches were approved by the University of Connecticut IACUC.
In utero electroporation
In utero electroporation was performed as previously described (Chen et al., 2014b) . Briefly, electroporation was performed at E14 or E15 and gestation age was confirmed during surgery.
Image acquisition
Multi-color imaging was performed as previously described (Chen et al., 2014a) using Zeiss Axio imager M2 microscope with Apotome with 488/ 546/350 nm filter cubes and the X-Cite series 120Q light source and Leica SP5 confocal microscope. All the images were further processed in Adobe Photoshop CS3 software.
Immunohistochemistry
Animals were deeply anesthetized with isoflurane and perfused transcardially with 4% paraformaldehyde/PBS (4% PFA). Samples were post-fixed overnight in 4% PFA. For immunofluorescence, brains were sectioned at 65 µm thickness on a vibratome (Leica VT 1000S). Sections were processed as free-floating sections and stained with PTEN (Cell Signaling, 9559, 1:50), NF1 (Santa Cruz, Sc-30918, 1:50), Oligo2 (Millipore, MABN 50, 1:500) P53 (Cell Signaling, 2524, 1:50), S100B (Dako, Z0311, 1:500) or Ki67 (Abcam, ab16667, 1:1000) antibody. Images were acquired and processed as previously described (Chen et al., 2014a; Siddiqi et al., 2014) .
For histological analysis, immunohistochemistry and Hematoxylin and Eosin staining were carried out on paraffin-embedded 4 µm sections as described by Schick et al. (2007a,b) , using GFAP (Dako, Z0334, 1:1000), MAP2c (Sigma, M4403, 1:2000) , and Vimentin (DAKO, M0725, 1:1000) antibody.
SURVEYOR assay
For in vitro SURVEYOR assay, rat neuroblastoma B104 cells were transfected with CRISPR constructs using lipofectamine 2000 (Invitrogen) according to manufacturer's instruction. Two days post transfection, cells were harvested, and genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen). Genomic region flanking targeting sites were PCR amplified and SUVEYOR assay was performed using a SURVEYOR assay kit (Transgenomics) according to the manufacturer's instruction. For in vivo SURVEYOR assay, we carefully dissected out transfected cortical region from freshly removed brain under fluorescent dissection microscope. Brain tissues were chopped into small pieces and genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen). Primers for SURVEYOR assays are; PTEN exon 6 forward: 5′-CATCCATGTGAGGAACCCTGG-GTG-3′; PTEN exon 6 reverse: 5′-CACTTACTGCAAGTTCCGCC-3′; PTEN exon 8 forward: 5′-CCACAAGGTGTTTGCCTTCA-3′; PTEN exon 8 reverse: 5′-CTCGAGATCCAAAGGCATTG-3′; NF1 exon 1 forward: 5′-GACGTCACCTCCAGGAGGAC-3′; NF1 exon 1 reverse: 5′-TGGGA-TAAAGGGGATGGAGGG-3′; P53 exon 6 forward: 5′-CCCACTTTGA-CCCTTGATCC-3′; P53 exon 6 reverse: 5′-CAGGCACAAACACGAAC-CTC-3′. Indel percentage was calculated as previously described (Cong et al., 2013) .
Statistical analysis
Statistical analysis was performed using KaleidaGraph version 4.0 (Synergy Software, 2006) . A confidence interval of 95% (P<0.05) was required for values to be considered statistically significant. All data are presented as means±s.e.m.
FACS and sequencing
Transfected areas from four animals (P30, no obvious presence of tumor) transfected with PBCAG-eGFP, GLAST-PBase together with multiplex CRISPRs targeting PTEN, P53 and NF1 were acutely dissected under fluorescent dissection microscope and enzymatically dissociated into a single cell suspension. FACS was performed on a Becton Dickinson FACSAria Flow Cytometer. Sorted cells were pelleted by centrifugation, and genomic DNA of sorted cells was extracted using DNeasy Blood and Tissue Kit (Qiagen). Targeted genomic areas flanking sgRNA binding sites were PCR amplified using Platinum Taq DNA Polymerase High Fidelity (Invitrogen, 11304-011) . PCR products were ligated into pCR4-TOPO vector (Invitrogen, for sequencing. Primers used for targeted sequencing were as follows; PTEN exon 8 forward: 5′-CCACAAGGTGTTTGCCTTCA-3′; PTEN exon 8 reverse: 5′-CTCGAGATCCAAAGGCATTG-3′; NF1 exon 1 forward: 5′-GGGGAGGACATGGCCGCACACAGGC-3′; NF1 exon 1 reverse: 5′-GCTCCTTCCTCCCCTCACCCACCGCGTC-3′; P53 exon 6 forward: 5′-CCCACTTTGACCCTTGATCC-3′; P53 exon 6 reverse: 5′-CAGGCAC-AAACACGAACCTC-3′.
